Intrinsic Hardware Evolution for the Design and Reconfiguration of Analog
Speed Controllers for a DC Motor

David A. Gwaltney
NASA Marshall Space Flight Center
Huntsville, AL 35812
David.A.Gwaltney @nasa.gov

Abstract

Evolvable hardware provides the capability to evolve
analog circuits to produce amplifier and filter functions.
Conventional analog controller designs employ these same
functions. Analog controllers for the control of the shaft
speed of a DC motor are evolved on an evolvable hard-
ware platform utilizing a second generation Field Program-
mable Transistor Array (FPTA2). The performance of an
evolved controller is compared to that of a conventional
proportional-integral (PI) controller. It is shown that hard-
ware evolution is able to create a compact design that
provides good performance, while using considerably less
Sfunctional electronic components than the conventional de-
sign. Additionally, the use of hardware evolution to pro-
vide fault tolerance by reconfiguring the design is explored.
Experimental results are presented showing that significant
recovery of capability can be made in the face of damaging
induced faults.

1 Introduction

Research on the application of hardware evolution to the
design of analog circuits has been conducted extensively by
many researchers. Many of these efforts utilize a SPICE
simulation of the circuitry, which is acted on by the evolu-
tionary algorithm chosen to evolve the desired functionality.
An example of this is the work done by Lohn and Colum-
bano at NASA Ames Research Center to develop a circuit
representation technique that can be used to evolve analog
circuitry in software simulation[1]. This was used to con-
duct experiments in evolving filter circuits and amplifiers.
A smaller, but rapidly increasing number of researchers
have pursued the use of physical circuitry to study evolu-
tion of analog circuit designs. The availability of reconfig-
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urable analog devices via commercial or research-oriented
sources is enabling this approach to be more widely stud-
ied. Custom Field Programmable Transistor Array (FPTA)
chips have been used for the evolution of logic and analog
circuits. Efforts at the Jet Propulsion Laboratory (JPL) us-
ing their second generation FPTA2 chip are documented in
[2,3,4]. Another FPTA development effort at Heidelberg
University is described in [S5]. Some researchers have con-
ducted experiments using commercially available analog
programmable devices to evolve amplifier designs, among
other functions[6,7].

At the same time, efforts to use evolutionary algorithms
to design controllers have also been widely reported. Most
of the work is on the evolution of controller designs suitable
only for implementation in software. Koza, et al., presented
automatic synthesis of control laws and tuning for a plant
with time delay using genetic programming. This was done
in simulation [8]. Zebulum, et. al., have evolved analog
controllers for a variety of industrially representative dy-
namic system models[10]. In this work, the evolution was
also conducted in a simulated environment.

The ability to provide fault-tolerance via hardware evo-
lution is a parallel interest in the efforts of many researchers.
In [10], Zebulum, et. al., incorporated fault tolerance as an
objective in one of their experiments. In this case, com-
ponents were removed from a design, and the design was
evaluated with each component missing as part of the fit-
ness assessment. This resulted in a design that could tol-
erate nine different individual faults while providing slight
degradation in response when compared to the non-faulty
case. Canham and Tyrrell [11] incorporated fault tolerance
in the evolution of a digital oscillator on a Field Program-
mable Gate Array (FPGA) by injection of faults during the
evaluation process. This resulted in oscillator designs that
can tolerate multiple simultaneous faults.  Lohn, et. al.
[12] have demonstrated the capability for evolution to re-




pair state machine designs implemented in an FPGA. A
random stuck-at-zero fault is introduced into the state ma-
chine design on the FPGA to create a fault, and evolution
is employed to modify the design to operate correctly in the
presence of the fault. Keymeulen, et. al., [13] compared
two methods of achieving fault tolerance in an evolved de-
sign, one based on the fitness definition and the other based
on the evolved population. This was applied to faults en-
countered during the operation of an XNOR and an analog
multiplier on an FPTA device. In these examples, it was
found that the populational approach was superior. ~ This
approach makes use of the resulting population from the
evolution of the original, non-faulty circuitry, as a source of
existing designs to accommodate the fault, or as a basis for
further evolution. :

Hardware evolution can enable the deployment of a self-
configurable controller in hardware. Such a controller will
be able to adapt to environmental conditions that would
otherwise degrade performance, such as temperature vary-
ing to extremes or ionizing radiation. Hardware evolution
can provide fault-tolerance capability by re-routing internal
connections around damaged components or by reuse of de-
graded components in novel designs. These features, along
with the capability to accommodate unanticipated or chang-
ing mission requirements, make an evolvable controller at-
tractive for use in a remotely located platform, such as a
spacecraft. Hence, this effort focuses on the application of
hardware evolution to the intrinsic, or in situ, configuration
of a shaft speed controller for a DC motor. To this end, the
Stand-Alone Board-Level Evolvable (SABLE) System[3],
developed by researchers at the Jet Propulsion Laboratory,
is used as the platform to evolve analog speed controllers
for a DC motor.

Motor driven actuators are ubiquitous in the commer-
cial, industrial, military and aerospace environments. A
recent trend in aviation and aerospace is the use of power-
by-wire technologies. This refers to the use of motor
driven actuators, rather than hydraulic actuators for aero-
control surfaces[14][15]. Motor driven actuators have been
considered for upgrading the thrust vector control of the
Space Shuttle main engines [16]. In spacecraft applica-
tions, servo-motors can be used for positioning sun-sensors,
Attitude and Orbit Control Subsystems (AOCSs), antennas,
as well as valves, linear actuators and in other closed-loop
control functions.

In this age of digital processor-based control, analog
controllers are still frequently used at the actuator level in
a variety of systems. In the harsh environment of space,
electronic components must be rated to survive temperature
extremes and exposure to radiation. Very few microcon-
trollers and digital signal processors are available that are
rated for operation in a radiation environment. However,

operational amplifiers and discrete components are readily
available and are frequently applied.

Reconfigurable analog devices provide a small form fac-
tor platform on which multiple analog controllers can be
implemented. The second generation Field Programmable
Transistor Array (FPTA2), as part of the SABLE System,
is a perfect platform for implementation of multiple con-
trollers, because its sixty-four cells can theoretically pro-
vide sixty-four operational amplifiers, or evolved variations
of amplifier topologies. Further, its relatively small size
and low power requirements provide savings in space and
power consumption over the uses of individual operational
amplifiers and discrete components[2].

The round-trip communication time between the Earth
and a spacecraft at Mars ranges from 10 to 40 minutes. For
spacecraft exploring the outer planets the time increases sig-
nificantly. A spacecraft with self-configuring controllers
could work out interim solutions to control system failures
in the time it takes for the spacecraft to alert its handlers
on the Earth of a problem. The evolvable nature of the
hardware allows a new controller to be created from com-
promised electronics, or the use of remaining undamaged
resources to achieve required system performance. Be-
cause the capabilities of a self-configuring controller could
greatly increase the probability of mission success in a re-
mote spacecraft, and motor driven actuators are frequently
used, the application of hardware evolution to motor con-
troller design is considered a good starting point for the de-
velopment of a general self-configuring controller architec-
ture.

2 Approach

The JPL developed Stand-Alone Board Level Evolvable
(SABLE) System[3] is used for evolving analog control
electronics. This system employs the JPL designed FPTA2.
The FPTA2 contains 64 programmable cells on which an
electronic design can be implemented by closing internal
switches. The schematic diagram of one cell is given in the
Appendix. Each cell has inputs and outputs connected to
external pins or the outputs of neighboring cells. More de-
tail on the FPTA?2 architecture is found in [2]. A diagram of
the experimental setup is shown in Figure 1. The main com-
ponents of the system are a TI-6701 Digital Signal Proces-
sor (DSP), a 100kSa/sec 16-channel DAC and ADC and the
FPTA2. There is a 32-bit digital I/O interface connecting
the DSP to the FPTA2. The genetic algorithm (GA) running
on the DSP follows a simple algorithm: download an indi-
vidual, stimulate the circuit with a control signal, record the
response, evaluate the response against the expected. This
is repeated for each individual in the population and then
crossover and mutation operators are performed on all but



the elite percentage of individuals. The evolution is consid-
ered complete when a target fitness is reached, or when the
fitness value plateaus and no further improvement is seen.
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Figure 1. Configuration of the SABLE System
and motor to be controlled

The motor used is a DC servo-motor with a tachome-
ter mounted to the shaft of the motor. The motor driver is
configured to accept motor current commands and requires
a 17.5 volt power supply with the capability to produce 6
amps of current. A negative 17.5 volt supply with con-
siderably lower current requirements is needed for the cir-
cuitry that translates FPTA2 output signals to the proper
range for input to the driver. The tachometer feedback
range is roughly [-4, +4] volts which corresponds to a mo-
tor shaft speed range of [-1300, +1300] RPM. Therefore,
the tachometer feedback is biased to create a unipolar sig-
nal, then reduced in magnitude to the [0, 1.8] volt range the
FPTAZ2 can accept.

For comparison with evolved controllers, a conventional
analog controller is designed that can be directly substituted
for the SABLE system. The response of the motor to the
controller input from the SABLE system and the conven-
tional controller is recorded and displayed using a digital
storage oscilloscope. Data collected by the oscilloscope
can be stored in a spreadsheet format and formatted for pre-
sentation in plots.

3 Conventional Analog Controller

3.1 Design

All closed-loop control systems require the calculation
of an error measure, which is manipulated by the controller
to produce a control input to the dynamic system being con-
trolled, commonly referred to as the plant. The most widely
used form of analog controller is a proportional-integral (PI)
controller.  This controller is frequently used to provide

current control and speed control for a motor. The PI con-
trol law is given in Equation 1,

ol = Kiel) 1 / Kile(t)dt M

where e(t) is the difference between the desired plant re-
sponse and the actual plant response, K p is the proportional
gain, and K7 is the integral gain. In this control law, the
proportional and integral terms are separate and added to-
gether to form the control input to the plant. The propor-
tional gain is set to provide quick response to changes in
the error, and the integral term is set to null out steady state
error. ,

The FPTA2 is a unipolar device using voltages in the
range of 0 to 1.8 volts. In order to directly compare a con-
ventional analog controller design with evolved designs, the
PI controller must be implemented as shown in Figure 2 us-
ing a supply voltage of 1.8V for the op-amps. This figure
includes the circuitry needed to produce the error signal.
Equation 2 gives the error voltage, V., given the desired
response Vsp, or setpoint, and the measured motor speed
Vracu. The frequency domain transfer function for the
voltage output,V,,, of the controller, given V, is shown in
Equation 3,

V. = %—%m.gv Q)
B R, 1
Vu == (Ve ‘/b-msZ)(Rl + SRlc) + Ve (3)

where s is complex frequency in rad/sec, 1—? is the propor-

tional gain and }—33—0 corresponds to the integral gain. This
conventional design requires four op-amps. Two are used
to isolate voltage references Vi;qs1 and Vi;qs2 from the rest
of the circuitry, thereby maintaining a steady bias voltage
in each case. Vjiq42 must be adjusted to provide a plant
response without a constant error bias. The values for R;,
R,, and C are chosen to obtain the desired motor speed re-
sponse.

3.2 Performance

The controller circuitry in Figure 2 is used to provide
a baseline control response to compare with the responses
obtained via evolution. The motor is run with no external
torque load on the shaft. The controller is configured with
R; = 10K ohms, R; = 200K ohms, and C = 0.47TuF.
Vhias2 18 set to 0.854 volts. Figure 3 illustrates the response
obtained for Vgp consisting of a 2 Hz sinusoid with am-
plitude in the range of approximately 500 millivolts to 1.5
Volts, as well as for Vgp consisting of a 2 Hz square wave
with the same magnitude. Statistical analysis of the error
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Figure 2. Unipolar analog Pl controller with
associated error signal calculation and volt-
age biasing

between Vracy and Vsp for sinusoidal Vgp is presented
in Table 1 for comparison with the evolved controller re-
sponses. Table 2 gives the rise time and error statistics at
steady state for the first full positive going transition in the
square wave response. This is the equivalent of analyz-
ing a step response. Note that in both cases Vrac g tracks
Vsp very well. In the sinusoid case, there is no visible er-
ror between the two. For the square wave case, the only
visible error is at the instant Vgp changes value. This is
expected, because no practical servo-motor can follow in-
stantaneous changes in speed. There is always some lag
between the setpoint and response. After the transition, the
PI controller does not overshoot the steady state setpoint
value, and provides good regulation of motor shaft speed at
the steady state values.

4 Evolved Controller
4.1 Baseline Design

Two cells within the FPTA2 are used in the evolution of
the motor speed controllers. The primary cell is provided
with the motor speed setpoint, Vgp , and the motor shaft
feedback , Vr4cm, as inputs, and it produces the controller
output, V,,. An adjacent cell is used to provide support elec-
tronics for the first cell. The evolution uses a fitness func-
tion based on the error between Vgp and Vracy. Lower
fitness is better, because the goal is to minimize the error.
The population is randomly generated, and then modified to
ensure that, initially, Switches Ss7and Ss3 (refer to the cell
diagram in the Appendix) are closed to connect Vgp and
VracH to the internal reconfigurable circuitry. This is done
because the evolution will, in some cases, attempt to control
the motor speed by using the setpoint signal only, resulting
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Figure 3. Response obtained using PI con-
troller. Vsp is gray, Vtach is black.

in an undesirable "controller" with poor response charac-
teristics. By definition, a closed-loop controller must use
both the command and a feedback signal, so the inclusion
of this constraint is considered desirable. Many evolutions
were run, and the frequency of the sinusoidal signal was
varied, along with the population size and the fitness func-
tion. There were some experiments that failed to produce a
desirable controller and some that produced very desirable
responses, with a distribution of mediocre controllers in be-
tween . One of the evolved controllers is presented along
with the response data for comparison to the PI controller.
This controller is the best evolved controller obtained, at the
time of writing.

For the evolution of this controller, the population size
was 100 and a roughly 2.25 Hz sinusoidal signal was used
for the setpoint. For a population of 100, the evaluation of
each generation takes 45 seconds. The fitness function used
is,

F=a*Ze?+§Z|ei|+M+N C))
=1 =1

M =, * |max(Vsp) — max(Vracw)| Q)
N =7, * |min(Vsp) — min(Vracw)| ©)

where e; is the error between Vsp and Vg at each volt-
age signal sample, n is the number of samples over one
complete cycle of the sinusoidal input, and «, 3, 71,74 are
gains, or weights, for the different components of the fitness
function. The evolution converged to a fitness of 42,897 at
generation 442. The fitness values are large due to the small




values of error that are always present in a physical system.
4.2 Performance

The response of the evolved controller is shown in Fig-
ure 4 for Vsp consisting of a 2 Hz sinusoid with amplitude
in the range of approximately 500 millivolts to 1.5 Volts,
as well as for Vgp consisting of a 2 Hz square wave with
the same magnitude. This is the same input used to obtain
controlled motor speed responses for the PI controller. The
data presented in the plots was obtained by loading the pre-
viously evolved design on the FPTA2, and then providing
Vsp via a function generator. The system response was
recorded using a digital storage oscilloscope. In the sinu-
soidal case, the evolved controller is able to provide good
peak to peak magnitude response and follows the sinusoidal
curve well, but has a visible constant offset when compared
to Vsp . The evolved controller provides a response to the
square wave Vgp, which has a slightly longer rise time but
provides good regulation of the speed at steady state with
the addition of a constant offset . The statistical analysis
of the evolved controller (EC) response to the sinusoidal
Vsp is presented in Table 1. Note the increase in all the
measures, with the mean error indicating a larger constant
offset in the error response. Despite these increases, the
controller response is reasonable, and exhibits the common
voltage offset that frequently exists in analog control sys-
tems without trim potentiometers. The rise time and steady
state error analysis for the first full positive going transi-
tion in the square wave response is given in Table 2. While
there is an increase in rise time and in the error measures at
steady state, when compared to those of the PI controller,
the evolved controller can be considered to perform well.
Note again that the increase in the mean error indicates a
larger constant offset in the error response. In the PI con-
troller, this error can be manually trimmed out via adjust-
ment of Vjies2. The evolved controller has been given
no such bias input, so some increase in steady state error
should be expected. However, the baseline evolved con-
troller is trimming this error, because other designs have a
more significant error offset. Experiments with the evolved
controller show that the "support” cell is providing the error
biasing circuitry. This will be further illustrated in a later
section.

It is notable that the evolved controller is providing a
good response using a considerably different set of compo-
nents than the PI controller. The evolved controller is using
two adjacent cells in the FPTA to perform a similar func-
tion to four op-amps, a collection of 12 resistors and one
capacitor. The FPTA switches have inherent resistance on
the order of kilo-ohms, which can be exploited by evolution
during the design. But the two cells can only be used to
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Figure 4. Response obtained using evolved
controller, Vsp is gray, Vtach is black

Table 1. Error metrics for sinusoidal response

Control Max Mean Std Dev | RMS
Error Error Error Error

PI 0.16V 0.0028V | 0.0430V | 0.0431V

EC 0.28V 0.0875V | 0.0520V | 0.1018V

Moved 0.26V 0.0860V | 0.0512V | 0.1001V

EC

implement op-amp circuits similar to those in Figure 2 with
the use of external resistors, capacitors and bias voltages.
These external components are not provided.

The evolved design works on other pairs of cells in the
FPTA?2 equally well. The results are essentially indistin-
guishable, as illustrated in Figure 5. The error statistics
for this case are included in Table 1 for comparison and are
labeled as "moved EC". The differences are considered
insignificant.

Table 2. Response and error metrics for
square wave. First full positive transition only

Control Rise Mean Std Dev | RMS
Time Error Error Error

PI 0.0358sec| 0.0003V | 0.0445V | 0.0445V

EC 0.0382sec| 0.1536V | 0.0439V | 0.1598V




Evolved Conftroller on a Different Pair of Cells, Vsp and Viach

Figure 5. Response obtained using the
evolved controller on a different pair of cells,
Vsp is gray, Vtach is black

5 Reconfiguration for Fault Tolerance

Standard approaches to fault tolerance through hardware
redundancy include passive methods using fault masking
and active methods employing fault detection and recon-
figuration. Systems requiring extremely high reliability
may use a hybrid approach employing passive and active
techniques. Passive methods rely on voting techniques and
replicated hardware to mask the occurrence of faults. Ac-
tive methods employ not only redundant hardware, but in-
clude fault detection, isolation and recovery through recon-
figuration [17]. Hardware evolution offers an approach to
fault tolerance that can use redundancy, if available, or re-
configure existing components. The ability to accommo-
date faults using hardware evolution was investigated by in-
jecting "stuck-at" fault conditions into the cell configuration
on the FPTA. Faults of this nature could result in a space
environment due to radiation induced single event latchup
(SEL) in the configuration circuitry on the FPTA.

In the previous section, results are presented that show
the controller operates equally well on cells other than those
on which it was evolved. This leads to the idea that fault
tolerance can be provided by reserving a pool of unused
cells, and drawing on these in the event of a controller fault.
Controller faults could be identified and accommodated by
measuring fitness on a periodic basis. When the fitness ex-
ceeds specified bounds, the configuration for the design is
loaded again to accommodate a transient fault in the con-
figuration that can be corrected by refreshing the configura-
tion bits. If this does not improve the response, the design
is moved to another set of known good cells to determine
if the fault is in the original cells. When the pool of re-
serve cells has been exhausted, hardware evolution can be
employed to reconfigure an evolved controller in the avail-
able cells to accommodate faults by recovering some, if not
all, of its original capability. Depending on the damage
that has caused the fault, hardware evolution may be able
to make use of damaged components, if these components
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Figure 6. Histograms of switch usage in the
primary cell in multiple controller designs
(upper plot) and the baseline evolved con-
troller (lower plot)

retain partial, or degraded, functionality

For these experiments, it is assumed that the motor being
controlled can be decoupled from its load during evolution.
This can be achieved using a clutch, which adds complex-
ity, but would be needed in this case. For continued op-
eration of the motor driven system during evolution, a re-
dundant controller and motor must be switched in, since the
output of the controller does not always provide desirable
results during the evaluation of individuals in the popula-
tion. Itisrecognized that the added mechanical complexity
may be undesirable in some applications. However, actu-
ators driven by redundant motors are frequently applied in
aerospace applications.

In the evolved design, some switches are considered crit-
ical, in that opening these switches will either damage the
design beyond repair or, create a situation in which only
partial capability can be recovered. Some of these switches
can be identified by simply observing their usage across
multiple evolved designs. Figure 6 is a histogram show-
ing switch usage in the primary cell across nine successful
controller designs in the upper plot. Refer to the cell di-
agram in the Appendix for the location of these switches.
These nine include the baseline controller in the previous
section, and the lower plot shows switch usage in the base-
line controller only. Note that there are seven switches that
are used in all the designs. Some of these switches repre-
sent clearly critical switches that will result in the complete
failure of the design on a given set of cells. Switches 53
and 57 are examples of such switches. If either of these



switches is opened, either Vsp or Vracm will be isolated
from the cells. However, other switches in this group are
not as critical. For instance opening switch 65 has no ef-
fect on the performance of the baseline controller. Opening
switches 71 and 19 cause the output of the baseline design to
flat line, which implies severe damage. Opening switches
24 and 31 causes the motor speed to switch back and forth
between the positive and negative speed limits in response
to the sinusoidal command input. This implies a possibility
for recovery, since the controller is still reacting to its in-
puts. From the plot, it appears that there are several other
switches that may be important because of their use in six,
seven or eight of the nine designs. One switch of interest
in this category is switch 56, which connects output of the
support cell to the input of the primary cell. Because this
switch is not used in one of the successful designs, it is rea-
sonable to assume evolution can find a new configuration
that will recover functionality.

To illustrate the capability of hardware evolution to re-
configure the controller design to recover performance in
the presence of faults, the SABLE software is configured
to force the bit controlling a switch to open, or close, the
switch of interest, regardless of the bit value in the individ-
ual configuration. A population approach to fault tolerance
is used by loading the population obtained from the evolu-
tion resulting in the baseline controller, and then restarting
the evolution. Experiments with some of the controllers
have indicated that there is either an existing design in the
population that recovers performance, or that evolution can
find a way around a fault induced by opening some of the
switches. In the following subsections, the results of three
selected experiments in recovering performance after an in-
duced fault in the design will be presented.

5.1 Fault Experiment A

In this experiment, switch 56 is opened, which takes
away the connection between the output of the support cell
from the primary cell. The upper plotin Figure 7 shows the
resulting loss of performance when this switch is opened.
The support cell is clearly seen to provide a biasing func-
tion for the controller input to the motor driver, and now
that this function is lost the motor speed has a larger con-
stant offset and saturates at a value of the motor speed in the
"negative" direction of rotation.

The recovered response is shown in the lower plot of Fig-
ure 7. The controller used to achieve this response was
obtained at generation 58 with a fitness of 144,037. Con-
tinuing the evolution for another 108 generations did not
result in a controller with better fitness, and the experiment
was halted. In this case evolution was able to improve the
response for the upper half of the sinusoid and the max-
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Figure 7. Response after inducing a fault by
opening switch 56, and recovered response
after evolution. Vsp is gray and Vtachis black

imum peak of Vgp , but undershoots the minimum peak.
However, this response recovers the performance to a de-
gree that will allow the motor to continue operating with
a little degradation, and some improvement for the upper
portion of the sinusoidal speed response.

5.2 Fault Experiment B

For this case a switch 31 was chosen, because it is one
of the seven switches used by all the successful designs.
Opening this switch causes a severe degradation in the mo-
tor speed response as shown in the upper plot of Figure 8.
The recovered response is shown in the lower plot of the
figure. The controller used to achieve this response was ob-
tained at generation 495 with a fitness of 633,531. Note that
for this case with a more severe induced fault, the evolution
took a great deal longer time to recover a reasonable level
of functionality. Also the recovered functionality does not
follow the sinusoidal Vgp as well now. The motor speed
response is more similar to a triangle wave. But this recov-
ered performance is clearly preferable to that of the dam-
aged performance, and will allow the motor to be operated
with somewhat degraded speed control.

5.3 Fault Experiment C

In this case, two switches are opened to determine the
capabilities of evolution to handle multiple faults. The two
switches selected are switch 56 and 29. Switch 29 is used
in seven of the controller designs. The performance as a




Contraller Response with Switch 31 Forced Open
T T T T

volts

Controller Response after 495 Generations with Switch 31 Forced Open
2 T T T T T T T

Figure 8. Response after inducing a fault by
opening switch 31, and recovered response
after evolution. Vsp is gray and Vtach is black

result of the damage caused to the design is shown in the
upper plot of Figure 9. The design that produced the re-
covered response in the lower plot was obtained after 104
generations and has a fitness of 824,407.  The recovered
performance is clearly degraded in its overall ability to fol-
low Vgp , but still provides a reasonable control of motor
speed, in light of the response prior to the evolution.

6 Summary

The results presented show that it is possible to use
the FPTA?2 to evolve simple analog closed-loop controllers.
The use of two cells to produce a controller that provides
good response in comparison with a conventional controller
shows that hardware evolution is able to create a compact
design that still performs as required, while using less tran-
sistors than the conventional design, and no external com-
ponents. Recall that one cell can be used to implement
an op-amp design on the FPTA2. While a programmable
device has programming overhead that fixed discrete elec-
tronic and integrated circuit components do not, this over-
head is typically neglected when comparing the design on
the programmable device to a design using fixed compo-
nents. The programming overhead is indirect, and is not a
functional component of the design. As such, the cell dia-
gram in the Appendix shows that each cell contains 15 tran-
sistors available for use as functional components in the de-
sign. Switches have a finite resistance, and therefore func-
tionally appear as passive components in a cell. The sim-
plified diagram in the data sheets for many op-amps show
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Figure 9. Response after inducing a fault by
opening switches 56 and 29, and recovered
response after evolution. Vsp is gray and
Vtach is black

the utilization of 30, or more, transistors in their design.

In order to produce self-configuring controllers that can
rapidly converge to provide desired performance, more
work is needed to speed up the evolution and guide it to
the best response. The per generation evaluation time of
45 or more seconds is a bottleneck to achieving this goal.
Further, the time constants of a real servo-motor may make
it impossible to achieve more rapid evaluation times. Most
servo-motor driven actuators cannot respond to inputs with
frequency content of more than a few tens of Hertz, without
attenuation in the response. Alternative methods of guiding
the evolution or novel controller structures are required.

Additionally, it was shown that evolution can be used to
reconfigure the design to recover performance after induced
faults. The approach used allows a reconfigured controller
to make use of cells in which there are damaged switches.
This may produce degraded performance depending on the
switches involved, and, in this case, should be used only
when the controller cannot be moved to other cells. Future
work will include experiments with controller reconfigura-
tion in response to faults in the motor and its driver and to
changes in the operational environment.

A key to improving upon this work and evolving more
complex controllers is a good understanding of the circuits
that have been evolved. Evolution has been shown to make
use of parasitic effects and to use standard components in
novel, and often difficult to understand, ways. Gaining this
understanding may prove to be useful in developing tech-
niques for guiding the evolution towards rapid convergence.
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Appendix: FPTA2 Cell Diagram
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